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Background: Non-small cell lung cancer (NSCLC) is the most commonly diagnosed solid tumor. While 
it has been established that stereotactic body radiotherapy for NSCLC plays an important role in antitumor 
immune response, the possible effects of the dose rate on this response has not been fully clarified.
Methods: In vitro, A549 cells were irradiated on a Varian TrueBeam® Linear Accelerator with dose and 
dose rate escalation using the flattening filter-free (FFF) technique, which was followed by coculturing 
with peripheral blood mononuclear cells (PBMCs). The exosomes from irradiated A549 cells were isolated 
and then cocultured with PBMCs. Flow cytometry was performed to analyze the proportion of lymph cell 
clusters in PBMCs. 
Results: The proportion of CD3− immune cell clusters in PBMCs was significantly higher in the 10 Gy  
treatment group than in the nonirradiated group and other lower-dose (2, 6 Gy) treatment groups at 
the dose rate of 1,000 MU/min. However, no influence was observed on the proportion of CD3+ T cell 
subsets. Further results showed that both natural killer (NK) and B cell proportions reached peaks in the 
14 Gy treatment group when a dose rate of 1,200 MU/min was used. Notably, the peak values of these two 
cell proportions were reached at a lower radiation dose of 10 Gy when a greater dose rate, ranging from  
1,600 to 2,400 MU/min, was used. We further found that a single, high dose of irradiation  
(10 Gy), as compared with a single, low dose of irradiation (2 Gy), could markedly stimulate the A549-related 
exosome secretion in a radiation dose rate-dependent manner. The ultrahigh dose rate radiation–derived 
exosomes contributed to the polarization of B and NK cell subsets in PBMCs.
Conclusions: The optimized radiation regime, which depends on the appropriate radiation dose and dose 
rate, results in the production of exosomes derived from NSCLC cells and eventually the redistribution of 
immune cells in PBMCs. 
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Introduction

Lung cancer, as the most commonly diagnosed malignancy, 
results in the highest incidence of cancer-related death 
worldwide (1), with non-small cell lung cancer (NSCLC) 
accounting for 85% of all lung cancer cases (2). Although 
much progress has been made in preclinical and clinical 
trials for NSCLC therapy, unfortunately, only 15% achieve 
5-year survival after their initial diagnosis.

Distant metastasis is considered to be one of the most 
critical of the failures in NSCLC therapy. Recent studies 
have demonstrated that radiotherapy can not only destroy 
the primary lesion itself but can also eliminate distant 
metastasis, which is known as the abscopal effect (3); 
however, the mechanism underlying this effect has not yet 
been fully explored. It has been revealed that the expression 
of major histocompatibility complex (MHC) class I 
molecules involved in antigen presentation are increased 
after irradiation in a dose-dependent manner (4), implying 
that the immune system contributes to eliciting radiation-
related abscopal effects (5). In addition, accumulated 
evidence indicates that stereotactic body radiotherapy is 
necessary to stimulating a systemic antitumor immune 
response (6,7). In recent years, ultrahigh-dose rate 
stereotactic body radiotherapy has become a focal point 
of research in the field of NSCLC radiotherapy, as this 
approach has the advantage of being able to deliver a high 
dose in a short period of time (8,9). However, whether 
or not ultrahigh-dose rate stereotactic body radiotherapy 
can augment the antitumor immune response is unknown, 
while the function of the dose rate in the regulation of the 
antitumor immune response is also poorly understood.

Many studies have demonstrated that exosomes derived 
from tumor cells can promote intercellular communication 
and regulate the immune response in the microenvironment 
by recruiting immune-related natural killer (NK) cells, T 
lymphocytes, and B lymphocytes (10,11). Several recent 
studies have shown that X-rays not only increase the 
secretion of exosomes released by tumor cells and the 
uptake of exosomes by recipient cells, but also lead to 
changes in the composition of exosomes (12,13). Therefore, 
the present study was designed to evaluate the effect of 
ultrahigh-dose rate radiation on the redistribution of 
immune cells in human peripheral blood mononuclear 
cells (PBMCs) and to determine whether NSCLC-related 
exosomes are involved in the radiation-dependent immune 
response. 

We present the following article in accordance with the 

MDAR checklist (available at http://dx.doi.org/10.21037/
tcr-21-536).

Methods

Cell lines, cell culture, and coculture (PBMCs and cell 
lines)

An A549 cell line was obtained from the cell bank of the 
Chinese Academy of Sciences (Shanghai, China) and was 
cultured in a complete RPMI 1640 medium. Cultures in 
the log phase of growth were used for all experiments. One 
day before the irradiation, about 1×106 cells per well were 
seeded in 6-well plates and incubated at 37 ℃, 5% CO2 
for 24 hours. Transwell inserts with PBMCs (about 10×106 
cells per insert) were transferred onto A549 cell-containing 
wells 30 minutes after the irradiation of A549 cells. The 
cocultured cells were then cultured in the RPMI 1640 
medium.

Isolation of PBMCs

All procedures performed in this study involving human 
participants were in accordance with the Declaration of 
Helsinki (as revised in 2013). The study was approved by 
the Ethics Committee of Chongqing University Cancer 
Hospital (NO.: CZLS2021042-A) and informed consent 
was taken from all the patients. Human whole blood was 
obtained from volunteers. On the same day of A549 cell 
irradiation, PBMCs were isolated from peripheral blood 
using Ficoll-Paque PLUS (GE Healthcare Bio-Sciences, 
USA). To separate PBMCs, 25 mL of Ficoll were placed 
in a 50 mL conical centrifuge tube, and an equal volume 
of whole blood diluted 1:1 with RPMI1640 was layered 
onto the Ficoll surface. The 50 mL tubes were centrifuged 
at 400 ×g for 30 min at room temperature. The PBMC 
interface between the Ficoll and plasma was carefully 
removed by pipetting and washed twice with phosphate-
buffered saline (PBS) by centrifugation at 250 ×g for  
10 minutes. After separation, PBMCs were resuspended in 
RPMI 1640.

Irradiation

The Varian TrueBeam® Linear Accelerator (Edge) and the 
flattening filter-free (FFF) technique was used for irradiation 
(Radiation Oncology Center, Chongqing University 
Cancer Hospital, Chongqing, China). The instrument was 
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set at radiation dose rates of 400, 1,000, 1,200, 1,600, and  
2,400 MU/min. The A549 cells were irradiated at doses of 0, 
2, 6, 10, 14, and 18 Gy. 

Isolation of exosomes

The Total Exosome Isolation Reagent (Thermo Fisher 
Scientific, USA) was used for the isolation of exosomes 
from irradiated A549 cells. The exosome was isolated 
following the manufacturer’s instructions. The irradiated 
A549 cells were collected 24 hours after the irradiation and 
were washed twice with PBS by centrifugation at 300 ×g 
for 5 minutes and 3,000 ×g for 10 minutes. The isolation 
solution was added into the supernatant at a 1:2 ratio. The 
mixed solution was incubated overnight at 4 ℃ and then 
centrifuged at 10,000 ×g for 1 hour. The exosome was then 
resuspended in 100 μL of PBS and stored at −20 ℃.

Protein determination of exosome 

The protein content of the isolated exosome was 
determined as recommended by the manufacturer of 
the Pierce BCA protein assay kit (Pierce Biotechnology, 
Rockford, IL, USA). Total protein concentrations were 
determined using a linear standard curve established with 
bovine serum albumin (BSA). The protein concentrations 
were calculated as 1 μg protein/μL of plasma.

Coculturing of PBMCs and exosomes

The exosomes were obtained from the A549 cells 
and irradiated at a dose of 10 Gy and a dose rate of  
2,400 MU/min after 24 hours of irradiation. PBMCs were 
also isolated from human whole blood obtained from 
volunteers. PBMCs and exosomes were cocultured in a 24-
well plate for 24 hours.

Antibodies and flow cytometry

PBMCs from the cocultured system were collected and 
washed twice in PBS, and the cells were then resuspended 
in 100 μL of PBS and incubated for 30 minutes with the 
following monoclonal antibodies: anti-CD3, anti-CD4, 
anti-CD8, anti-CD45, anti-CD16, anti-CD56, anti-CD33, 
anti-CD11c, anti-CD14, anti-CD45RA, and anti-CCR7 
antibodies (BD Biosciences, USA) (in the dark at room 
temperature). Stained samples were analyzed on an LSR II 
flow cytometer (BD Biosciences). Flow data were quantified 

using FlowJo software (FlowJo, LLC, Ashland, OR, USA). 

Data analysis

The results are presented as mean ± standard error (SE). 
The data were analyzed by statistical software SPSS 21.0 
(IBM Corp., Armonk, NY, USA). Student’s t-test was used 
for comparison of numeration data, and χ2 test was used for 
rate comparison of lymphocytes between groups.

Results

Variation in composition of CD3− immune cell clusters 
(B and NK cell subsets) in PBMCs induced by A549 cells 
irradiated at a high-dose rate versus a conventional dose 
rate

A549 cells were cocultured with PBMCs for 2 days 
upon exposure to increased doses of radiation (0, 2, 6, 
and 10 Gy) using 6-MV X-rays at a dose rate of either 
400 or 1,000 MU/min; then, the proportion of CD3− 
immune cell clusters in PBMCs were analyzed by flow 
cytometry. We found that the proportion of NK cells was 
significantly higher in the 10 Gy treatment group than in 
the nonirradiated group (15.27% in the 10 Gy group and 
11.08% in the nonirradiated group) and in the other lower-
dose treatment groups (10.76% in the 2 Gy group and 
10.10% in the 6 Gy group) when A549 cells were irradiated 
at a dose rate of 1,000 MU/min (Figure 1A). However, the 
variation in the distribution of NK cells was not obviously 
detected in the increased radiation dose range using a dose 
rate of 400 MU/min (Figure 1B). In addition, an influence of 
the dose rate on the proportion of B cells was not observed 
(Figure 1C,D).

Comparison of CD3+ T cell subsets in PBMCs induced 
by A549 cells irradiated at a high-dose rate versus a 
conventional dose rate

Next, we compared the effect of A549 cells irradiated with 
a high-dose rate (1,000 MU/min) versus a conventional 
dose rate (400 MU/min) on the distribution of CD3+ T 
cell subsets. As described above, A549 cells were irradiated 
at escalating doses (0, 2, 6, and 10 Gy) using 6-MV X-rays 
at a dose rate of either 400 or 1,000 MU/min followed 
by coculture with PBMCs for 2 days. Flow cytometry 
was performed to analyze the proportion of CD3+ T cell 
clusters in PBMCs. Neither radiation dose escalation nor 
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Figure 1 The proportion of changed CD3− immune cell clusters (B and NK cells) in PBMCs after coculture with A549 cells irradiated 
at various doses with the FFF technique at a high-dose rate and a conventional dose rate. (A) Proportion of NK cells in PBMCs after 
coculture with A549 cells irradiated at 1,000 MU/min. (B) Proportion of NK cells in PBMCs after cocultures with A549 cells irradiated 
at 400 MU/min. (C) Proportion of B cells in PBMCs after coculture with A549 cells irradiated at 1,000 MU/min. (D) Proportion of B 
cells in PBMCs after coculture with A549 cells irradiated at 400 MU/min. *P value <0.05. FFF, flattening filter-free; PBMC, peripheral 
blood mononuclear cell; NK, natural killer.
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dose rate change was observed to affect the proportion of 
CD3+ T cell subsets, including those of CD4+ T cells, 
CD8+ T cells (Figure 2), TCM cells, naive cells, TEM cells, 
and TEMRA cells (Figure S1).

Influence of high-dose rate radiation on the A549 cell-
induced B and NK cell polarization in PBMCs

Given the effect of a single, high dose of irradiation at a 
high-dose rate of 1,000 MU/min on A549 cell-induced 
diversity of CD3− immune cell clusters, we further increased 

the radiation dose range from 10 to 18 Gy at the dose rate 
of 1,200, 1,600, and 2,400 MU/min respectively. Flow 
cytometry was performed to calculate the polarization of NK 
and B cell subsets in PBMCs after coculture with irradiated 
A549 cells. When using the dose rate of 1,200 MU/min,  
both NK and B cell proportions reached a peak in the 14 Gy 
treatment group. The proportion of B cells in PBMCs was 
4.11%, 4.09%, 7.70%, and 4.18% respectively in the 0, 10, 
14, and 18 Gy groups, while the proportion of NK cells in 
PBMCs was 4.97%, 4.18%, 7.66%, and 4.46% respectively 
in these groups (Figure S2), but the peak values of these 

https://cdn.amegroups.cn/static/public/TCR-21-536-supplementary.pdf
https://cdn.amegroups.cn/static/public/TCR-21-536-supplementary.pdf
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Figure 2 The proportion of CD3+ T cell subsets in PBMCs after coculture with A549 cells irradiated at various doses with the FFF technique 
at a high-dose rate and a conventional dose rate. (A,C) Proportion of CD8+/CD4+ T cells in PBMCs after coculture with A549 cells 
irradiated at 400 MU/min. (B,D) Proportion of CD8+/CD4+ T cells in PBMCs after coculture with A549 cells irradiated at 1,000 MU/min.  
PBMC, peripheral blood mononuclear cell; FFF, flattening filter-free; NK, natural killer.
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two cell proportions were reached at a lower radiation dose 
of 10 Gy when a higher dose rate, ranging, from 1,600 to 
2,400 MU/min, was used. At a dose rate of 2,400 MU/min 
(Figure 3), the proportion of B cells in PBMCs was 4.11%, 
7.16%, 4.15%, and 3.9% respectively in the 0, 10, 14, and 
18 Gy groups, while the proportion of NK cells was 4.97%, 
7.86%, 4.12%, and 4.2% respectively in these groups 
(the proportion of B cells was 4.11%, 7.69%, 3.93%, and 
3.60% in these groups at 1,600 MU/min, while that of NK 
cells was 4.97%, 7.93%, 4.84%, and 3.64% respectively;  
Figure S3). Thus, the optimized radiation regime for 

stimulating A549 cell-induced diversity of CD3− immune 
cell clusters was determined to be 10 Gy at a dose rate of 
2,400 MU/min. 

Influence of high-dose rate radiation on exosomes release 
from A549 cells

Growing evidence indicates that ionizing radiation induces 
an increase in exosome release in a dose-dependent 
manner, but it is unclear whether the radiation dose rate 
plays a critical role in promoting the release of exosomes. 

https://cdn.amegroups.cn/static/public/TCR-21-536-supplementary.pdf
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Figure 3 The polarization of B and NK cell subsets in PBMCs after coculture with A549 cells irradiated at various doses with the FFF 
technique at a high-dose rate (2,400 MU/min). (A,C) Proportion of B cells in PBMCs after coculture with A549 cells irradiated at  
2,400 MU/min. (B,D) Proportion of NK cells in PBMCs after coculture with A549 cells irradiated at 2,400 MU/min. *P value <0.05. 
PBMC, peripheral blood mononuclear cell; NK, natural killer; FFF, flattening filter-free. 

Interestingly, a single, high dose of irradiation (10 Gy 
treatment group) markedly stimulated A549-related 
exosome secretion in a radiation dose rate–dependent 
manner (1.01 and 1.12 respectively for the 1,200 and  
2,400 MU/min groups) as compared with a single, low dose 
of irradiation (2 Gy treatment group) (Figure 4). Thus, 
conventional dose irradiation failed to increase cancer-
derived exosomes even when the radiation dose rate was 
elevated (0.92 and 0.83 respectively for the 1,200 and  

2,400 MU/min groups) (Figure 4).

High-dose rate radiation-derived exosomes contributed to 
the polarization of B and NK cell subsets in PBMCs

Next, we examined whether the irradiated A549 cell-derived 
exosomes contributed to the polarization of NK and B 
cell subsets in PBMCs. Flow cytometry analysis indicated 
that the proportion of B and NK cells were significantly 
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Figure 4 Cellular high-dose rate irradiation increased exosome release. 

increased after the PBMCs were directly cocultured with 
exosomes from the A549 cells irradiated with the optimized 
regime (10 Gy at a dose rate of 2,400 MU/min). When 
added with exosomes, the proportion of B cells compared 
with the group without exosomes (blank group) rose from 
5.24% to 6.87%, while the proportion of NK cells rose 
from 6.63% to 8.25% (Figure 5). These results suggest 
that the optimized radiation regime not only impacted 
intercellular communication through exosomes released 
from exposed donor cells, but also influenced the exosome 
uptake by the exposed recipient cells.

Discussion 

Exiting studies show that the fractionation and dose 
rate of irradiation play an important role in regulating 
immune response in the tumor microenvironment; for 
example, the recruitment of immune cells into the tumor 
microenvironment for lesions treated with ultrahigh dose 
rate stereotactic body radiotherapy is greater than that 
treated with conventional radiotherapy (CONV-RT) 
(14,15); however, it is not clear why this is the case. Here, 
we found that a single, ultrahigh dose of radiation was able 
to trigger the release of NSCLC-related exosomes and 
eventually polarize the cell phenotype of PBMCs towards a 
robust antitumor immune response.

Several experiments have examined ultrahigh dose 
rate radiotherapy through allowing a higher dose of 
radiation to be delivered to the lesion at the beginning 
of clinical treatment (15,16). Another study showed 
that ultrahigh dose rate stereotactic body radiotherapy 

could increase the recruitment of immune cells into the 
tumor microenvironment compared with CONV-RT 
(14). Our study further demonstrated that the optimal 
radiation regime to stimulate A549 cell-induced diversity 
of CD3− immune cell clusters was 10 Gy at a dose rate of  
2,400 MU/min. On the contrary, one recent study found 
that a higher dose rate of 16.5 Gy using the FFF technique 
had no influence on the antitumor immune response (17). 
Thus, whether or not ultrahigh-dose rate stereotactic body 
radiotherapy has an effect on the immune system will need 
to be settled by further research. 

An increasing number of studies have shown that 
exosome shuttling between cells regulates intercellular 
communication and can alter the phenotype of recipient 
malignant or stromal cells (18,19). X-ray radiation-induced 
exosomes can affect angiogenesis through the transport 
of microRNA (miRNA) to the stromal stem cells, and this 
biological effect can occur after the addition of the exosome 
derived from irradiated tumor cells to the stromal stem 
cells (20,21). Moreover, other recent research has found 
that X-rays do not only increase the secretion of exosomes 
released by tumor cells and uptake of exosomes by recipient 
cells, but also induce changes in component of exosomes 
(12,13). The present study showed that X-ray radiation with 
10 Gy at a dose rate of 2,400 MU/min promoted the release 
of A549 cell-derived exosomes and further resulted in the 
polarization of the NK and B cell subsets in PBMCs. An 
ongoing study of exosome components represents the next 
step in research in this area for our research team.

In the present work, we found that the optimal radiation 
regime tended to affect the CD3− T cell subsets (such 
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Figure 5 High-dose rate radiation-derived exosomes augmented the polarization of the B and NK cell subsets in PBMCs. *P value <0.05. 
NK, natural killer; PBMC, peripheral blood mononuclear cell. 

as NK and B cells) rather than the CD3+ T cell subsets. 
However, the interpretation of these results may be 
limited by our methodology, which consisted of an in vitro 
model. Since the NK cell-mediated killing of tumor cells 
is independent of MHC restriction and promotes antigen 
cross-presentation to CD8+ cytotoxic T cells (22), our  
in vitro study could only observe the NK cell activation. 
In addition, other studies have demonstrated that there is 
a significant association between B cells and CD8+ tumor-
infiltrating lymphocytes (TILs) and have also found that 
increased levels of CD8+ and CD4+ TILs colocalizing with 
high B cell infiltration are related to long-term survival in 
NSCLC (23,24); thus, B cells appear to activate earlier than 
T cells. We will continue to investigate these issues using in 
vivo experiments, as they are required to examine the T cell 
immune response. 

In summary, radiation influences the production of 
tumor-derived exosomes, which in turn regulate the 
redistribution of NK and B cells in vitro, with the optimal 
effect dependent on the appropriate radiation dose and dose 

rate. Our study sheds light on the effect of ultrahigh-dose 
rate stereotactic body radiotherapy on the redistribution 
of immune cells and demonstrates that NSCLC-related 
exosomes are involved in a radiation-dependent immune 
response. Our work provides new evidence for exploring 
the mechanisms by which radiation therapy, especially 
ultrahigh-dose rate stereotactic body radiotherapy, affects 
immune response. 
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Figure S1 The proportion of CD4+/CD8+ T cell subsets (TCM cells, Naive cells, TEM cells and TEMRA cells) in PBMCs after co-cultured with 
A549 cells irradiated at various doses with FFF high-dose rate or conventional dose rate. (A) Proportion of CD4+ T cell subsets in PBMCs 
after co-cultured with A549 cells irradiated at 400 MU/min.(B) Proportion of CD4+ T cell subsets in PBMCs after co-cultured with A549 
cells irradiated at 1,000 MU/min. (C) Proportion of CD8+ T cell subsets in PBMCs after co-cultured with A549 cells irradiated at 400 MU/
min. (D) Proportion of CD8+ T cell subsets in PBMCs after co-cultured with A549 cells irradiated at 1,000 MU/min. PBMC, peripheral 
blood mononuclear cell; FFF, flattening filter-free; NK, natural killer. 
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Figure S2 The polarization of B and NK cell subsets in PBMCs after co-culture with A549 cells irradiated at various doses with FFF high-
dose rate (1,200 MU/min). (A,C) Proportion of B cells in PBMCs after co-cultured with A549 cells irradiated at 1,200 MU/min. (B,D) 
Proportion of NK cells in PBMCs after co-cultured with A549 cells irradiated at 1,200 MU/min. *P value <0.05. PBMC, peripheral blood 
mononuclear cell; FFF, flattening filter-free; NK, natural killer.
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Figure S3 The polarization of B and NK cell subsets in PBMCs after co-culture with A549 cells irradiated at various doses with FFF high-
dose rate (1,600 MU/min). (A,C) Proportion of B cells in PBMC after co-cultured with A549 cells irradiated at 1,600 MU/min. (B,D) 
Proportion of NK cells in PBMCs after co-cultured with A549 cells irradiated at 1,600 MU/min. *P value <0.05. PBMC, peripheral blood 
mononuclear cell; FFF, flattening filter-free; NK, natural killer. 


